Multilevel inverters provide an output signal with low harmonic distortion and superior output voltages. This work proposes a new four-level T-type neutral point piloted (T-NPP) topology with higher efficiency and low total harmonic distortion (THD) and with the ability to withstand high voltage stresses, especially for high-power applications. The proposed topology is designed in such manner that the direct current (DC)-voltage stresses split over the components with strong possibilities to increase the load current and switching frequency. However, the operation of the proposed topology is based on two essential principles. The first principle is that each upper and lower switch of each leg consists of two insulated gate bipolar transistors (IGBTs) connected in series in order to withstand high voltage stresses and make it split over the two IGBTs in each switch. The second principle is using the DC-link circuit (T1 & T2) to generate 2Vdc and 1Vdc by connecting the bidirectional switches of each leg to the DC-link's mid-point. Furthermore, the proposed four-level T-NPP inverter outperforms other converters by the high number of output voltage level, low number of components, simple structure and higher efficiency. Finally, the proposed T-NPP topology concept was validated via simulation, experiments and theoretical analysis.
Introduction
Multi-level inverters are the most commonly used inverters in industrial applications and other renewable energy applications because they provide pure output voltage's waveforms. For low power applications such as photovoltaic systems [1] [2] [3] [4] [5] [6] , multilevel inverters are capable to produce semi-pure output waveforms with power semiconductor s devices. The neutral-pointed converter (NPC) [7, 8] , flying capacitor (FC) [9, 10] and cascaded H-bridge (CHB) [11] are the most common inverters and are illustrated in [12] [13] [14] . The issues of neutral-point voltage in NPC such as voltage deviation, the unbalanced voltage across the capacitors of the FC topologies [15] , and a large number of separate direct current (DC) supplies in CHB are the main drawbacks to be considered in these topologies [16] [17] [18] [19] [20] . In addition, these topologies are not suitable for low-voltage applications since the switching and conduction losses are getting increased due to the two-series connected switches especially in two-level inverter [21] . Contrary to the NPC topology, the T-type inverter is very efficient for low switching frequencies due to its low conduction losses and the fact it needs only three additional isolated gate derives.
The T-type inverter is showing a good performance during the operations and could be an alternative choice in industrial applications since it combines the main merits of both the two-level
The Proposed Topology and Its Operations
The proposed T-type neutral point piloted (T-NPP) topology is designed for medium-and high-power applications based on the NPP topology which is designed to produce an output voltage with levels either 0 or ±Vdc. NPP topology is designed in such manner to be capable of bearing high-voltage stress and provide a controllable path for the current through the clamping devices. However, the proposed topology is designed to overcome the drawbacks of the NPP topology and NPC in terms of the total harmonic distortion (THD), voltage stress, and limitation in operating in high-frequency and that can be done by an appropriate design and by increasing the output voltage levels. Figure 1 shows the proposed topology which consists of two parts. The first part is the NPP topology with no clamping capacitors. The second part is the DC-link circuit connected to the bidirectional switches of each leg. Furthermore, DC-link circuit consists of four switches in which every two switches are connected in series in order to reach the medium voltage and be capable of bearing high-voltage stress.
Instead of using the bidirectional switches of each leg for generating 0Vdc such as NPP or NPC, those bidirectional switches are connected directly to the mid-point of the DC-link in T-NPP in order to generate 1Vdc and 2Vdc as shown in Figure 2b ,c respectively. However, the 0Vdc can be generated by the lower switches in each leg of T-NPP. Also, the 3Vdc is generated in each leg by upper switches Energies 2018, 11, 1546 3 of 14 which are connected directly to 3Vdc as it is shown in Figure 1 . The switching state of the proposed topology (T-NPP) is provided in Table 1 . Sa  Q1  S1  Q2  T1  T2  Van  3  1  0  0  1  1  +3Vdc  2  0  1  0  1  1  +2Vdc  1  0  1  0  0  1  +1Vdc  0  0  0  1  0  0  0 The bidirectional switches (T2 and T3) of the three-level T-type inverter is connected to the midpoint (0) to produce 0Vdc in each leg. In order to extend the output-voltage to N levels, we eliminate the mid-point (0) and connect the bidirectional switches of each leg to an external DC-link circuit and the voltage stress across the upper and lower switches of each leg can be reduced by replacing them with double-IGBT connected in series as it is presented in Figure 1 . During the switching transitions from one voltage level to another, the current will commutate to the right path without any occurrence of a short circuit or voltage deviation and this is one of the positive aspects of the proposed topology. Figure 2 shows the current commutation during the switching transitions and switching states of the output voltage levels shown in Figure 3 .
The series switches (T1 and T2) of the DC-link operate at the same time only during generating 2Vdc without any short circuit occurrence or voltage deviation and this principle was validated successfully via analytical comparison with the presented topology shown in Figure 4 , and building the prototype shown in Figure 5 to obtain the simulation and experimental results in which can be clearly noticed from the waveforms of the output voltages shown in Figures 6-9 .
In Figure 2b , T1 and T2 are initially set to be closed to generate 2Vdc and minimize the switching losses during the transition between voltage levels. In this case, the DC-voltages (3Vdc and Vdc) are connected in one loop circuit (−3Vdc + Vdrop-T1 + Vdrop-T2 + Vdc). By ignoring the voltage drop across the two-insulated gate bipolar transistors (IGBTs) connected in series, the difference voltage in any point (inside the dc-link circuit) between 3Vdc and Vdc will be 2Vdc (3Vdc − 1Vdc = 2Vdc).
In this case, the loop of dc-link circuit plays as dc-voltage source and inject 2Vdc to the bidirectional switches of each leg. In Figure 2a , S1 is opened so that only 3Vdc will be connected to the upper switch Q1 and generate 3Vdc. Also, In Figure 2a , the status of T1 will not be considered since the bidirectional switch (S1) is off. Sa  Q1  S1  Q2  T1  T2  Van   3  1  0  0  1  1  +3Vdc  2  0  1  0  1  1  +2Vdc  1  0  1  0  0  1  +1Vdc  0  0  0  1  0  0  0 The bidirectional switches (T 2 and T 3 ) of the three-level T-type inverter is connected to the mid-point (0) to produce 0Vdc in each leg. In order to extend the output-voltage to N levels, we eliminate the mid-point (0) and connect the bidirectional switches of each leg to an external DC-link circuit and the voltage stress across the upper and lower switches of each leg can be reduced by replacing them with double-IGBT connected in series as it is presented in Figure 1 . During the switching transitions from one voltage level to another, the current will commutate to the right path without any occurrence of a short circuit or voltage deviation and this is one of the positive aspects of the proposed topology. Figure 2 shows the current commutation during the switching transitions and switching states of the output voltage levels shown in Figure 3 .
In this case, the loop of dc-link circuit plays as dc-voltage source and inject 2Vdc to the bidirectional switches of each leg. In Figure 2a , S1 is opened so that only 3Vdc will be connected to the upper switch Q1 and generate 3Vdc. Also, In Figure 2a , the status of T1 will not be considered since the bidirectional switch (S1) is off.
Because the modularity has become one of the pillars of modern manufacturing as it speeds up assembly, repair, and manufacturing process, all the switches of the T-NPP have been adjusted to the same voltage rating which is can be either 3Vdc or more. However, the value of the voltage stresses across the switches are different from each other and that is according to the point that every switch is connected to. In other words, some of the switches are faced with high voltage stresses compared to the rest especially those are connected directly to the main voltage source (3Vdc). However, the voltage stresses split over the series connection of each switch in each leg of the proposed topology. 
Modulation Technique
The modulation technique is one of the most feature for implementing T-NPP topology. Because of the synchronization of the switching transition of two legs, staircase and modified space-vector modulation could be used for the proposed topology. In other words, the DC-link circuit of the proposed T-NPP topology is incapable to produce 1Vdc and 2Vdc at the same time and this is one of the drawbacks of using DC-link inside T-NPP topology. Figure 3 shows the space vector references in the d-q frame and its components, which can be found and represented by the equations below [16] : Because the modularity has become one of the pillars of modern manufacturing as it speeds up assembly, repair, and manufacturing process, all the switches of the T-NPP have been adjusted to the same voltage rating which is can be either 3Vdc or more. However, the value of the voltage stresses across the switches are different from each other and that is according to the point that every switch is connected to. In other words, some of the switches are faced with high voltage stresses compared to the rest especially those are connected directly to the main voltage source (3Vdc). However, the voltage stresses split over the series connection of each switch in each leg of the proposed topology.
The modulation technique is one of the most feature for implementing T-NPP topology. Because of the synchronization of the switching transition of two legs, staircase and modified space-vector modulation could be used for the proposed topology. In other words, the DC-link circuit of the proposed T-NPP topology is incapable to produce 1Vdc and 2Vdc at the same time and this is one of the drawbacks of using DC-link inside T-NPP topology. Figure 3 shows the space vector references in the d-q frame and its components, which can be found and represented by the equations below [16] :
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where Vq, and Vd are the voltage components in d-q frame. Also, Sa, Sb, and Sc are the switching states of leg a, b, and c, respectively. In addition, the switching state of the proposed topology is arranged in such manner to reduce the switching losses by decreasing the number of switching during the transitions between voltage levels according to the switching state vectors shown in Figure 3 . Table 2 shows the voltage sequences and switching states of all the switches in one period during the operation among the three legs. Based on Table 2 and Figure 3 , the T1 and T2 are only changed into another switching state once generating out 1Vdc and 2Vdc. However, the output voltages (3Vdc and 0Vdc only) from each leg are independent on the switching state of T1 and T2. This modulation technique is called the modified staircase technique. Table 2 . Switching sequences for all switches of T-NPP inverter. Q1  S1  Q2  Q3  S2  Q4  Q5  S3  Q6  T1  T2  300 In addition, the switching state of the proposed topology is arranged in such manner to reduce the switching losses by decreasing the number of switching during the transitions between voltage levels according to the switching state vectors shown in Figure 3 . Table 2 shows the voltage sequences and switching states of all the switches in one period during the operation among the three legs. Based on Table 2 and Figure 3 , the T1 and T2 are only changed into another switching state once generating out 1Vdc and 2Vdc. However, the output voltages (3Vdc and 0Vdc only) from each leg are independent on the switching state of T1 and T2. This modulation technique is called the modified staircase technique. Table 2 . Switching sequences for all switches of T-NPP inverter. Q1  S1  Q2  Q3  S2  Q4  Q5  S3  Q6  T1  T2   300 
Sa Sb Sc

Losses Analysis and Comparisons
Efficiency is one of the significant features to ensure the feasibility of the proposed topology compared to the other topologies. Apparently, T-NPP topology requires less number of components compared to the other topologies such as FC, and NPC. In fact, minimizing the number of the power components used and switching devices results in the higher efficiency and less power losses.
However, T-NPP topology operates with good performance and higher efficiency and one of such a reason for that is the absence of the passive components such as clamping diodes, and FCs as well as the minimum number of DC-link supplies. Furthermore, the efficiency analysis for the T-NPP topology can be done by the following methods.
First Method
In this method, the conduction and switching losses analysis can be done by taking into account the rating of the components from the input side of the circuit up to the load side. Practically, three phase series resistive-inductive load (142 Ω-15.3 mH) in start connection is used as a load. Also, the IGBTs selected are HGTG20N60B3D, in which the maximum value of the forward current is 19 A and the direct voltage is 600 V. The data sheet provides all the curves of the energy losses, collector-emitter current, saturation voltage, and forward voltage of the diodes. Those curves are approximated by an exponential equation using the curve-fitting tool of MATLAB [36] as follow: (5)
where the V ce is the collector-emitter voltage, E on is the energy dissipated during the on-state, and E off is the energy dissipated during the off-state. The conduction and switching losses can be calculated using the below equations:
P T = P SW + P cond (10) in which i(t) is the maximum load current. However, PLECS software (Version 4.1, Plexim , Cambridge, MA, USA) is capable to calculate the switching losses based on the recording of the semiconductor's operating condition (forward current, blocking voltage, and junction temperature) before and after the switching operation. The data tables and equations of the switches can be inserted manually via PLECS' integrated visual editor.
Second Method
In this method, the power losses of the proposed topology were calculated via PLECS software and presented in details in this section. The comparison of power losses between the proposed topology and four-level nested multilevel topology [18] which is shown in Figure 4 for illustration and more convenience. Furthermore, the conduction and switching losses for both proposed T-NPP topology and four-level nested configuration are validated via simulation in PLECS software and tested via experiments [18] in various types of loads and DC-link voltages. Different values of loads were applied for the comparison of losses purpose are the same conditions that had been used and studied in [18] : As seen from Table 3 , for each case, the proposed four-level T-NPP topology has less power losses compared with the four-level nested configuration. Based on those results, the efficiency of the proposed topology is much higher because of less number of components that had been used, no extra diodes and no FCs. Furthermore, minimizing the switching time and number of turning on-off devices during the transition is one of the strategies made to reduce losses. In fact, the lack of modularity is one of the drawbacks of the proposed topology T-NPP due to the different voltage stresses across the components. However, this issue is no longer existing if all the switches used have the same voltage rating.
Additionally, 3Vdc is the maximum value of voltage stress across the components, so that in order to prevent any short circuit occurrence or voltage deviation inside the circuit, the voltage rating of the switches must be equal to 3Vdc or more. 
Simulated and Experimental Results
The proposed four-level topology (T-NPP) for high-and medium-power applications depicted in Figure 1 was implemented and its prototype was built as shown in Figure 5 . The validity of the T-NPP was proven successfully via simulation and experiments. Furthermore, the simulation was run by MATLAB Simulink and PLECS software and the obtained results are shown clearly in Figures 6  and 7 . Such a result shown in Figures 6 and 7 proves that the output waveforms of the T-NPP are purely generated according to the adjusted DC-link voltages and desired output voltage level. Different values of loads were applied for the comparison of losses purpose are the same conditions that had been used and studied in [18] : As seen from Table 3 , for each case, the proposed four-level T-NPP topology has less power losses compared with the four-level nested configuration. Based on those results, the efficiency of the proposed topology is much higher because of less number of components that had been used, no extra diodes and no FCs. Furthermore, minimizing the switching time and number of turning on-off devices during the transition is one of the strategies made to reduce losses. In fact, the lack of modularity is one of the drawbacks of the proposed topology T-NPP due to the different voltage stresses across the components. However, this issue is no longer existing if all the switches used have the same voltage rating.
The proposed four-level topology (T-NPP) for high-and medium-power applications depicted in Figure 1 was implemented and its prototype was built as shown in Figure 5 . The validity of the T-NPP was proven successfully via simulation and experiments. Furthermore, the simulation was run by MATLAB Simulink and PLECS software and the obtained results are shown clearly in Figures 6  and 7 . Such a result shown in Figures 6 and 7 proves that the output waveforms of the T-NPP are purely generated according to the adjusted DC-link voltages and desired output voltage level. The staircase modulation technique and modified space vector modulation technique are the applicable control methods for the T-NPP for generating pure output waveforms with less switching losses. Furthermore, the THD one of the most features to measure the validity and performance of such a topology. Figure 8 depicts THD% of the current load for the proposed topology and the measured value of the THD% is 8.51% for modulation index M a = 1. The staircase modulation technique and modified space vector modulation technique are the applicable control methods for the T-NPP for generating pure output waveforms with less switching losses. Furthermore, the THD one of the most features to measure the validity and performance of such a topology. Figure 8 depicts THD% of the current load for the proposed topology and the measured value of the THD% is 8.51% for modulation index Ma = 1. The experimental setup consists of dSPACE, gate drivers, two DC-supplies, IGBT switches, and induction motor acting as a load. Furthermore, the ratings of the components and equipment used in the experiments are shown below in Table 4 . Due to the limitation of the equipment provided and for an easy implementation, the experiments were not run in low-power and low-voltage ratings. However, the feasibility of T-NPP was validated successfully via the experiments and the obtained results as shown in Figure 9 . The staircase modulation technique and modified space vector modulation technique are the applicable control methods for the T-NPP for generating pure output waveforms with less switching losses. Furthermore, the THD one of the most features to measure the validity and performance of such a topology. Figure 8 depicts THD% of the current load for the proposed topology and the measured value of the THD% is 8.51% for modulation index Ma = 1. The experimental setup consists of dSPACE, gate drivers, two DC-supplies, IGBT switches, and induction motor acting as a load. Furthermore, the ratings of the components and equipment used in the experiments are shown below in Table 4 . Due to the limitation of the equipment provided and for an easy implementation, the experiments were not run in low-power and low-voltage ratings. However, the feasibility of T-NPP was validated successfully via the experiments and the obtained results as shown in Figure 9 . The experimental setup consists of dSPACE, gate drivers, two DC-supplies, IGBT switches, and induction motor acting as a load. Furthermore, the ratings of the components and equipment used in the experiments are shown below in Table 4 . Due to the limitation of the equipment provided and for an easy implementation, the experiments were not run in low-power and low-voltage ratings. However, the feasibility of T-NPP was validated successfully via the experiments and the obtained results as shown in Figure 9 . As a result, the proposed topology combines the positive aspects of the two-level inverters such as fewer power components and advantages of the multilevel inverter such as superior output voltage and THD%. In other words, the concept of the proposed topology T-NPP is absolutely correct since it was investigated under different types of loads and conditions and all the obtained results reveal its ability to generate superior output waveforms and withstand high voltage stresses. Table 5 shows the comparison between T-NPP and other proposed and existing topologies in terms of number of passive components such as capacitors, and the DC-link voltages. Based on Table  5 , we could notice that the T-NPP has the lower number of components in which the installation area and cost, conduction and switching losses could be reduced. Furthermore, the proposed topology can be used for low-voltage power application without using two IGBTs connected in series in each upper or lower switch. As a result, the proposed topology combines the positive aspects of the two-level inverters such as fewer power components and advantages of the multilevel inverter such as superior output voltage and THD%. In other words, the concept of the proposed topology T-NPP is absolutely correct since it was investigated under different types of loads and conditions and all the obtained results reveal its ability to generate superior output waveforms and withstand high voltage stresses. Table 5 shows the comparison between T-NPP and other proposed and existing topologies in terms of number of passive components such as capacitors, and the DC-link voltages. Based on Table 5 , we could notice that the T-NPP has the lower number of components in which the installation area and cost, conduction and switching losses could be reduced. Furthermore, the proposed topology can be used for low-voltage power application without using two IGBTs connected in series in each upper or lower switch. Table 6 shows the comparison between NPC, CHB, FC and T-NPP in terms of rating requirement per N-level. However, Table 7 shows the T-NPP rating requirement per level. Based on the comparison carried out, we simply notice that T-NPP outranks other topologies in terms of simplicity, performance, and cost. Table 7 . T-NPP rating requirement per level N.
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The proposed topology is designed mainly for high-and medium-power applications which is presented in detail in this paper. We cannot deny that NPC is sufficient for the medium-voltage application, but T-NPP topology is constructed with two IGBTs of series connection for upper and lower switches to reduce the voltage stress across each switch.
However, the main contribution of this paper is proposing a new multilevel topology with a reduced number of components, no clamping diodes, no FCs, and higher efficiency with a sufficient control strategy to reduce the switching and conduction losses.
As it appears from the simulation and experimental results, we could conclude that the proposed topology's concept can be a good alternative for high and medium power applications due to its good performance, simple construction and withstand higher voltages.
Based on the simulation and experimental results, we could conclude that the concept of the T-NPP is valid since the outcomes results are the same in terms of voltage-steps and current waveforms. Table 8 eshows the direct comparison between the simulation and experimental values of the parameters such as line-to-line voltages (Vab, Vbc, Vca), line-to-neutral voltage, motor load's current and THD. Table 8 shows the direct comparison between the outcome values of the parameters in the simulation and experiment. The output waveforms of simulation results for the line-to-line voltages (Vab, Vbc, and Vca) as shown in Figures 6 and 7 , are similar as the obtained experimental results one shown in Figure 9 . The first three rows in Table 8 illustrate the parameters of the waveform of the line-to-line voltages such as the amplitude and voltage division in each waveform. Furthermore, the THD% of the load's current is measured in 6 cycles in sequence and it is up to 8.51% in which the fundamental frequency for all waveforms is 60 Hz. In conclusion, we could say that the simulation results are the same as the experimental one which validates the concept of the proposed topology. 
Conclusions
A proposed four-level T-NPP topology for low and medium-power applications has been presented. Since the proposed T-NPP topology is able to withstand high voltage ratings and the voltage stresses are split over the components of the T-NPP due to the appropriate structure and design, it could be a good alternative for high-power applications too. The proposed topology produces four-level output voltages with possibilities to increase the output load current and that resulting in decreasing the THD and bringing an advantage over the existing topologies such as NPC and NPP inverters. Based on the simulation and experimental results, we could say that the concept of the proposed topology is validated accordingly with superior output waveforms and low harmonic distortion THD% = 8.51. In contrast with the T-type inverter or NPC, the mid-point in T-NPP is connected directly to the DC-link circuit to produce 1Vdc and 2Vdc. The absence of the passive-components such as capacitors and clamping diodes, is considered one of the advantages of T-NPP since the balancing issues caused by capacitor and voltage deviation caused by clamping diodes are overcome completely. The simplicity of the proposed topology is also considered one of the merits because it enables the extension to N-level to be reached with fewer components and low cost which might be the future work. Furthermore, the modified staircase modulation technique is applied to the proposed topology to generate superior output waveforms by minimizing the number of switching times over one 1cycle with modulation index Ma = 1.
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